Abstract Three functionally different populations of perisomatic interneurons establish GABAergic synapses on hippocampal pyramidal cells: parvalbumin (PV)-containing basket cells, type 1 cannabinoid receptor (CB 1 )-positive basket cells both of which target somata, and PV-positive axo-axonic cells that innervate axon initial segments. Using electron microscopic reconstructions, we estimated that a pyramidal cell body receives synapses from about 60 and 140 synaptic terminals in the CA1 and CA3 area, respectively. About 60 % of these terminals were PV positive, whereas 35-40 % of them were CB 1 positive. Only about 1 % (CA1) and 4 % (CA3) of the somatic boutons were negative for both markers. Using fluorescent labeling, we showed that most of the CB 1 -positive terminals expressed vesicular glutamate transporter 3. Reconstruction of somatic boutons revealed that although their volumes are similar, CB 1 -positive boutons are more flat and the total volume of their mitochondria was smaller than that of PV-positive boutons. Both types of boutons contain dense-core vesicles and frequently formed multiple release sites on their targets and innervated an additional soma or dendrite as well. PV-positive boutons possessed small, macular synapses; whereas the total synaptic area of CB 1 -positive boutons was larger and formed multiple irregular-shaped synapses. Axo-axonic boutons were smaller than somatic boutons, had only one synapse and their ultrastructural parameters were closer to those of PV-positive somatic boutons. Our results represent the first quantitative measurement-using a highly reliable method-of the contribution of different cell types to the perisomatic innervation of pyramidal neurons, and may help to explain functional differences in their output properties.
Introduction
The hippocampal formation of the mammalian brain has a critical role in learning and memory, and plays important roles in several related processes as well. Its main output neurons are the pyramidal cells, the activity of which is precisely regulated by at least 18 different types of GABAergic interneurons that target partly non-overlapping membrane domains . Among these cells, perisomatic interneurons specifically target the cell body and adjacent cell membranes of large populations of local principal cells, whereby they control and synchronize their spike output and, as a consequence, significantly determine hippocampal network activity (Cobb et al. 1995; Miles et al. 1996; Ellender et al. 2010) . Perisomatic interneurons can be divided into three non-overlapping and functionally different populations: two types of basket cells target the somatic and proximal dendritic region of principal cells and interneurons (Freund and Katona 2007; Armstrong and Soltesz 2012; Bartos and Elgueta 2012) , while axo-axonic cells innervate the axon initial segment (AIS) of principal cells (Somogyi 1977) . One of the two basket cell types contains the calciumbinding protein parvalbumin (PV) (Katsumaru et al. 1988) and displays fast, non-accommodating firing patterns (Pawelzik et al. 2002) . The other type of basket cells expresses the neuropeptide cholecystokinin (CCK) (Nunzi et al. 1985) and type 1 cannabinoid receptor (CB 1 ) presynaptically (Katona et al. 1999) , and unlike PV-positive cells, CCK/CB 1 -expressing basket cells exhibit regularspiking activity with accommodating action potentials (Pawelzik et al. 2002) . Furthermore, after high-frequency trains of presynaptic spikes, GABA release of CCK/CB 1 -positive basket cells is asynchronous with the presynaptic action potentials: latencies of postsynaptic responses are greatly variable, while PV-containing basket cells show highly synchronous release (Hefft and Jonas 2005) . In contrast to PV-positive basket cells that generate IPSCs in their postsynaptic pyramidal cells reliably with consistent amplitude, CCK/CB 1 -positive basket cells show large fluctuations of the postsynaptic response, and failures of synaptic transmission are more frequent (Hefft and Jonas 2005; Daw et al. 2009; Szabó et al. 2010 ). In addition, CCK/CB 1 -positive basket cells have two non-overlapping subgroups: one of them contain vasoactive intestinal polypeptide (VIP) (Acsády et al. 1996) , whereas the other subgroup expresses vesicular glutamate transporter 3 (vGluT3) (Somogyi et al. 2004) . Several other differences of their molecular composition, intrinsic features, input and output properties have already been described in detail (Glickfeld and Scanziani 2006; Armstrong and Soltesz 2012; Bartos and Elgueta 2012) . In brief, in functional terms, while PV-positive basket cells are ideally suited for generating fast network oscillations, CCK/CB 1 -expressing basket cells rather provide a tonic form of inhibition and act as a ''fine-tuning device'' in the hippocampus (Freund and Katona 2007) .
The third type of perisomatic interneuron is the axoaxonic cell, which is also PV positive (Katsumaru et al. 1988 ) and releases GABA with precise timing and low failure rates similar to PV-containing basket cells (Maccaferri et al. 2000; Szabó et al. 2010 ). While it is clear that basket cells inhibit their target neurons, the effect of axoaxonic cells is still debated and it can be either excitatory (Szabadics et al. 2006) or inhibitory (Glickfeld et al. 2009 ). In addition, the three perisomatic interneuron groups are active at different times and show different firing patterns during network oscillations in vivo (Klausberger et al. 2003 Tukker et al. 2007 Tukker et al. , 2013 Lasztóczi et al. 2011; Lapray et al. 2012 ) and also in in vitro preparations Hájos et al. 2013) .
In this study, we estimated how many PV-or CB 1 -expressing boutons innervate one pyramidal cell soma in CA1 and CA3, and tested whether other inputs may also innervate the somatic membrane. We also determined that the majority of the CB 1 -positive somatic boutons express vGluT3. It was shown in several studies that morphological parameters of synaptic boutons (size and shape of boutons; number of postsynaptic targets; number, arrangement and size of active zones; number and size of mitochondria; presence of dense-core vesicles, etc.) can correlate well with their physiological properties (Kubota and Kawaguchi 2000; Telgkamp et al. 2004; Rollenhagen and Lübke 2006; Bodor et al. 2008; Yoshida et al. 2011; Holderith et al. 2012) . After three-dimensional reconstruction of perisomatic boutons, we measured these parameters to allow a comparison to their different functional properties and found that differences among interneuron types are manifested even in the finest ultrastructural details of their terminals possibly reflecting the adjustment of the signaling and vesicular release machinery to the requirements of the activity pattern.
Materials and methods

Animals
All experiments have been approved by the Animal Care and Experimentation Committee of the Institute of Experimental Medicine of Hungarian Academy of Sciences and the Animal Health and Food Control Station, Budapest and performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments.
Twelve 24-to 60-day-old male C57BL/6J mice were killed. For perfusion, mice were anaesthetized with isoflurane followed by an intraperitoneal injection of an anesthetic mixture (containing 0.83 % ketamine, 0.17 % xylazin hydrochloride, 0.083 % promethazinium chloride, 0.00083 % benzethonium chloride, and 0.00067 % hydrochinonum) to achieve deep anesthesia. In this study, we performed three different immunohistochemical experiments that required different fixation method and tissue processing (see below).
Double-fluorescent labeling and confocal microscopy
Six mice between the age of 24 and 60 days were perfused transcardially under deep anesthesia first with 0.9 % NaCl solution for 2 min followed by 4 % paraformaldehyde for 40 min and finally with 0.1 M phosphate buffer (PB) for 10 min. The brains were removed from the skull and coronal sections were cut on a Leica VT1200S vibratome at 60 lm. After washing out fixative with 0.1 M PB for 1 h, sections were cryoprotected sequentially in 10 % (30 min) and 30 % (overnight) sucrose in PB and freezethawed four times over liquid nitrogen. Then, sections were washed in PB and Tris buffered saline (TBS), and blocked with 1 % human serum albumin in TBS (Sigma-Aldrich Inc.) for 1 h. The sections were incubated in the primary antibody solution for 3 days, containing goat anti-CB 1 receptor (1:500, gift from Prof. Masahiko Watanabe) and rabbit Synaptic Systems, Cat. No. 135 203) in TBS. After subsequent washes in TBS, sections were incubated in secondary antibodies for 4 h, containing Alexa Fluor 594 donkey anti-goat (1:200-500) and Alexa Fluor 488 donkey anti-rabbit (1:200-500) in TBS. This was followed by washing in TBS and PB, and then the sections were transferred to and dried on slides, and covered with Aquamount (BDH Chemicals Ltd.). The sections were analyzed using an Olympus Optical FluoView 300 confocal laser scanning microscope in sequential scanning mode, using 60-times magnifications. Image stacks were taken randomly from different scanning sites in the pyramidal cell layer of the CA1 region of six mice and in the CA3 region of three mice.
Double-labeling immunoelectron microscopy
Three mice (36-day old) were perfused transcardially under deep anesthesia with 0.9 % NaCl for 2 min followed by a fixative containing 4 % paraformaldehyde, 0.1 % glutaraldehyde, and 15 % (v/v) saturated aqueous solution of picric acid in PB for 30 min. The brains were removed from the skull and postfixed in the same fixative without glutaraldehyde for 1 h at room temperature. Then, we cut and washed the sections, cryoprotected, freeze-thawed and washed them again, as described above. Endogenous peroxidase-like activity was blocked by 1 % hydrogen peroxide in TBS for 15 min. After several rinses in TBS, sections were blocked in 10 % (v/v) normal goat serum (in TBS; Vector Laboratories) for 45 min and then incubated in rabbit anti-CB 1 primary antibody solution (1:5,000 in TBS; gift from Prof. Ken Mackie) for 2 days at 4°C. After extensive washes, sections were treated with biotinylated goat anti-rabbit IgG (1:600; Vector Laboratories) for 4 h at room temperature, followed by repeated washes in TBS and an overnight incubation in avidin-biotinylated horseradish peroxidase complex (1:500 in TBS; Elite ABC, Vector Laboratories) at 4°C. CB 1 labeling was visualized by an immunoperoxidase reaction developed by 3,3 0 -diaminobenzidine with ammonium nickel sulfate (DABNi) and then post-intensified with silver-gold (Dobó et al. 2011) . This intensification step converts the labeling from homogenous to granular by loading fine gold particles onto the DABNi deposit. After washes in TBS, sections were treated with 1 % hydrogen peroxide in TBS for 15 min to avoid the possibility that peroxidase activity of bounded ABC has any effect on the second labeling. Sections then were blocked in 10 % (v/v) normal horse serum (Vector Laboratories) for 45 min and incubated in a mouse monoclonal anti-PV primary antibody solution (1:8,000 in TBS; Swant, Bellinzona, Switzerland) for 2 days at 4°C. This step was followed by incubation with anti-mouse ImmPRESS (1:4 in TBS; Vector Laboratories) overnight at 4°C. The second immunoperoxidase reaction was developed by DABNi, resulting in a homogenous deposit, which was clearly distinguishable from the silver-gold-intensified DABNi at the electron microscopic level (Dobó et al. 2011 ).
Pre-embedding immunogold staining
Three mice between the age of 35 and 41 days were perfused transcardially under deep anesthesia first with 0.9 % NaCl for 2 min followed by a fixative containing 2 % paraformaldehyde and 1 % glutaraldehyde in 0.1 M sodium acetate buffer (pH 6.5) for 2 min, and then by 2 % paraformaldehyde/1 % glutaraldehyde in 0.1 M sodium borate buffer (pH 8.5) for 1 h (Berod et al. 1981) . Brains were kept in the skull overnight at 4°C. Then, we cut and washed the sections, cryoprotected, freeze-thawed and washed them again, as described above. Sections were treated with 0.5 % sodium borohydride in PB for 15 min and were then washed again in PB and TBS. Sections were blocked in 10 % (v/v) normal goat serum (Vector Laboratories) for 1 h followed by incubation in rabbit anti-CB 1 (1:1,000; gift from Prof. Ken Mackie) or rabbit anti-PV (1:2,000; gift from Prof. Kenneth G. Baimbridge) primary antibody solutions diluted in TBS for 2 days at 4°C. After extensive washes in TBS, sections were blocked for 30 min with 0.8 % bovine serum albumin and 0.1 % cold-water fish skin gelatin in TBS containing 0.05 % sodium azide and then incubated in 0.8 nm gold-coupled goat anti-rabbit IgG (1:50; Aurion) diluted in blocking solution overnight at 4°C. After washes in TBS, sections were treated with 2 % glutaraldehyde in TBS for 10 min to fix the gold particles into the tissue. Gold particles were intensified using the Aurion Silver Enhancement Solution (SE-EM; Aurion) as described by the manufacturer.
Specificity of antibodies
The specificity of the rabbit anti-vGluT3 (Synaptic Systems, Cat. No. 135 203) , rabbit anti-CB 1 (gift from Dr. Ken Mackie) and goat anti-CB 1 (gift from Dr. Masahiko Watanabe) antibodies was tested several times in different laboratories (e.g.: rabbit anti-vGluT3: Seal et al. 2008 ; rabbit anti-CB 1 : Bodor et al. 2005 ; goat anti-CB 1 : Uchigashima et al. 2007 ) and was proved to be specific. In addition, we also tested these antibodies several times in knock-out mice in our immunohistochemistry experiments and they were proved to be specific. Furthermore, the localization of these molecules in hippocampus is well known, therefore the staining pattern provided by these antibodies in our experiments confirmed their specificity as well. The specificity of rabbit anti-PV antibody (Code No. R301, gift from Dr. Kenneth G. Baimbridge) was tested and characterized extensively (Mithani et al. 1987; Sloviter 1989 ) and we also found the expected labeling pattern in hippocampus. The mouse monoclonal anti-PV antibody (Swant, Bellinzona, Switzerland) that gives similar labeling pattern as the rabbit anti-PV antibody was tested by the manufacturer and it did not stain the brain of PV knock-out mice. Secondary antibodies were also extensively tested for possible cross-reactivity with the other secondary or primary antibodies, and possible tissue labeling without primary antibodies was also tested to exclude autofluorescence or specific background labeling by the secondary antibodies. No specific-like staining was observed under these control conditions.
Tissue processing for electron microscopy Sections used for electron microscopy were treated with 0.5 % osmium tetroxide (in PB; 20 min on ice), dehydrated in an ascending ethanol series followed by acetonitrile and embedded in Durcupan (ACM, Fluka). During dehydration, sections were treated with 1 % uranyl acetate in 70 % ethanol for 20 min. For electron microscopic analysis, tissue samples from the middle portion of the rostro-caudal axis of the dorsal hippocampus were glued onto small Durcupan blocks. Long series of consecutive ultrathin sections (at least 100 sections/series, 40-or 60-nm thick) were cut using an ultramicrotome (Leica EM UC6) and picked up on Formvar-coated single-slot grids. Ultrathin sections were counterstained with lead citrate (Ultrostain 2, Leica) and examined in a Hitachi 7100 electron microscope equipped with a Veleta CCD camera (Olympus Soft Imaging Solutions, Germany).
Electron microscopic reconstruction of pyramidal cell somata and its synaptic terminals
The densities and numbers of PV-or CB 1 -positive somatic terminals on pyramidal cells and the total surface area of a pyramidal cell soma were determined using consecutive serial electron microscopic sections double labeled for PV and CB 1 [see above (Dobó et al. 2011)] . For calculation of the total surface area of a pyramidal cell soma, pyramidal cell bodies were traced and photographed in every fifth 60-nm-thick electron microscopic section of a series, where they were present (n = 9 and 3 somata from CA1 and CA3, respectively). From these images (about 38 and 90 images per soma, median in CA1 and CA3 respectively), somata were completely reconstructed and their surfaces were measured using the Reconstruct software (Fiala 2005) . Since there is no physically identifiable border between somatic and dendritic membranes, somatic membranes were identified as membranes of image profiles, where the smallest diameter of the profile was larger than 4.5 lm.
For measurements of bouton density, pyramidal cell somata were selected from the surface of the 60-lm-thick block, where the penetration of immunoreagents was perfect (n = 11 and 10 somata from CA1 and CA3, respectively). Only somata that had a large cross-sectional area on the given section were selected to reduce the number of boutons with tangentially sectioned synapses. Membrane of each selected soma was traced in serial 60-nm-thick sections (n = 40-63 sections) and was reconstructed together with synaptic terminals. Individual PV-or CB 1 -positive or double-negative synaptic boutons were followed and their position was labeled on the drawings. Boutons being in contact with the soma and present in the reference section series were counted, except those present also in the look-up section (the section preceding the first reference section). The vast majority of the juxtaposed/ contacting boutons established synapses with the soma, but occasionally the synaptic cleft was not clearly visible, most probably because it was sectioned too tangentially. Nevertheless, all boutons in contact with the pyramidal cell somata were counted as synaptic terminals, because of the following reasons. In this study, we fully reconstructed 131 immunogold-labeled somatic boutons (see below), all of them with at least one somatic synapse. Thirty of them made two appositions/contacts with pyramidal somata, out of which only three of them (10 %) had a contact, but did not have a synapse with both pyramidal cell bodies. However, even latter these boutons formed synapses with one of the pyramidal cell somata. These suggest that the probability that a bouton does not form a synapse with a soma is far less than 10 %. The vast majority of the juxtaposed/contacting boutons formed visible synapse with the soma. Those few boutons that were in contact with the soma, but had no clearly visible synaptic cleft were also counted in these measurements, because there was an at least a 90 % probability that they also form a synapse. Photos were taken in every fifth sections for measurements of the sampled soma surfaces. For calculation, perimeters of soma membrane cross-sections were measured using the Fiji/ImageJ program and multiplied by the number of sections (n = 5) between two photographs and the section thickness (60 nm).
The total somatic surfaces were different among animals probably due to shrinkage differences; therefore, results from the three mice were analyzed separately. To calculate the bouton density, the total number of boutons collected in one animal was divided by the total surface area tested in the same animal, while stereological rules were also observed (see above). To estimate the total number of boutons on CA1 and CA3 pyramidal cell somata, these density values (number of inputs/lm 2 ) were multiplied by the estimated whole surface area of pyramidal somata measured in the same animal. We have measured somatic surfaces in all three mice from CA1, while due to the extremely laborious nature of these measurements (in CA3, about 600 continuous sections was needed per animal) pyramidal cell surface area in the CA3 region was estimated from only one mouse, while measurement was corrected with shrinkage data calculated based on fully reconstructed nuclei.
Electron microscopic reconstruction of perisomatic boutons
Pyramidal cell layer was systemically scanned for immunogold-labeled boutons forming synapses with pyramidal somata. These boutons were followed in consecutive serial sections and digital images were taken at 30,000 times magnification in each serial section. Other immunogoldlabeled boutons that established synapses in these series were also included in the sample, while terminals having not clearly visible synapses were excluded. Three-dimensional reconstructions of membranes, synaptic membranes and mitochondria of boutons (n = 160) were made using the Reconstruct software (Fiala 2005) . Profiles in each image within a stack were traced to create a three-dimensional object. Volume and surface area of the traced objects were then measured using the Reconstruct software. Measurements did not include intervaricose axon segments; therefore, the three-dimensionally reconstructed boutons were truncated at the point, where the axonal profiles abruptly became only a very small axonal fiber. All boutons in the CB 1 -positive category (n = 59) and most of the boutons in the PV-positive group (92 %, 66/72) were reconstructed from sections immunostained for CB 1 and PV, respectively. Six CB 1 -negative perisomatic bouton in CA1 area were reconstructed from sections immunostained for only CB 1 and these boutons were considered PV positive, because of the extremely low occurrence of double-negative somatic boutons in sections double stained for PV and CB 1 (1.5 % of all somatic boutons, see ''Results''). All but two CB 1 -positive boutons and 50 % of PV-positive boutons were reconstructed from 40-nm-thick sections, whereas the rest of the terminals were reconstructed from 60-nm-thick sections (n = 21-61, 40-nmthick sections/bouton; n = 19-55, 60-nm-thick sections/ bouton). For the reconstruction of CB 1 -positive boutons thinner (40-nm thick) sections were more advantageous, because of the more complex shape of synapses compared to those of the PV-positive boutons (see ''Results''). Axoaxonic boutons were recognized by the characteristics of their postsynaptic target: the axon initial segment (AIS). AIS has an electron-dense membrane undercoating, characteristic bundles of microtubules and stacked endoplasmic cisterns [ Fig. 5a , (Palay et al. 1968; Chan-Palay 1972; Somogyi 1977) ]. Axo-axonic boutons were reconstructed from sections immunostained for PV or CB 1 (they were PV positive and CB 1 negative) using either 40 (n = 21 boutons; n = 20-49 sections/bouton) or 60-nm-thick (n = 8 boutons; n = 16-39 sections/bouton) sections. Measured morphological parameters from 40-and 60-nm-thick sections were statistically not different; therefore, as expected, comparisons were not influenced by section thickness.
Statistical analysis
All statistical analyses were carried out using the software package Statistica (StatSoft, Tulsa, OK, USA). We used non-parametric statistics for comparison of populations. Medians and interquartile ranges were used to describe distributions. Two groups were compared using the MannWhitney U test. The differences were considered significant at p \ 0.05, but higher level of significance at p \ 0.01 is also reported. Significance levels were established using Bonferroni's correction for preventing overtesting due to multiple comparison.
Results
Convergence of PV-and CB 1 -positive somatic inputs onto pyramidal somata As described in the ''Materials and methods'' section, PVpositive profiles were labeled by homogenous DABNi deposit, whereas CB 1 -positive elements were labeled by gold-intensified DABNi, which is studded with fine metal particles (Fig. 1 , compare b 1-2 with c). Pyramidal somata were traced in consecutive serial electron microscopic sections and bouton density was determined by dividing the number of synaptic boutons (n = 191 and 238 from CA1 and CA3, respectively) of a given membrane area with the surface of the examined part of the membrane (976 lm 2 collected from 3 mice, from 11 cells in CA1and 1,113 lm 2 collected from 3 mice, from 10 cells in CA3, see ''Materials and methods'', for details see Table 1 , row 2-5 and row 15-18), observing stereological principles. These data revealed the density of PV-positive and CB 1 -positive somatic boutons innervating 100 lm 2 soma-surface in the CA1 and CA3 area, and revealed that in CA1 and CA3 about 60 % of the somatic terminals are PVpositive, while about 35-40 % is CB 1 positive (See Table 1 ). Brain Struct Funct (2015) 220:919-940 923 The typical full surface area of CA1 and CA3 pyramidal somata was also sampled (see ''Materials and methods'' for details of measurements). For data, see Table 1 . To calculate the total number of somatic inputs, we used the median value of the somatic full surface areas and we multiplied it with the density of somatic boutons in the same animal. According to our calculation, an average CA1 pyramidal soma was innervated by about 60 boutons, about 40 of which are PV positive and about 20 are CB1 positive. Furthermore, a typical CA3 pyramidal cell soma (the surface of which is about 2.3-times larger than in CA1) would be innervated by about 140 boutons, about 90 of which are PV positive and about 50 are CB 1 positive. Some double-negative boutons could also be observed. All data are presented in Table 1 .
Some properties of CA1 pyramidal cells depend on the vertical soma position inside the layer (Slomianka et al. 2011) , and, although we did not plan to test such differences, our samples were taken from different sublayers to have a better representation, and we did not notice any differences in perisomatic innervation.
Most of the CB1-positive terminals are vGluT3 positive in the mouse hippocampus As described above, CCK/CB 1 -positive basket cells have two non-overlapping subgroups: one expresses vGluT3, whereas the other is vGluT3 negative, but contains VIP. Although we know the proportions of their somata in rat hippocampus (Somogyi et al. 2004 ), it does not necessarily reflect the proportions of their terminals around pyramidal cells. Here, we performed double-immunofluorescent stainings for CB 1 and vGluT3 and tested how many of the terminals are of the vGluT3-positive subtype (Fig. 2) . In immunofluorescent measurements, we tested terminals in the pyramidal cell layer; however, it is impossible to select only terminals that target somata, therefore, some of the vGluT3-positive terminals (about 7 % in CA1 and about 10 % in CA3) were CB 1 negative. On the other hand, we found that the vast majority of CB 1 -containing terminals (about 85 % of CB 1 in CA1 and about 94 % of CB 1 in CA3) were vGluT3 positive. All data are presented in Table 2 . PV-positive profiles were labeled by homogenous DABNi deposit (c), whereas CB 1 -positive elements were revealed by DABNi, which is studded with fine metal particles (white arrows, AuDABNi, b 1-2 ). Arrowheads in b 1-2 and c indicate presumed edges of synaptic membranes. Compare the characteristic flat shape of the CB 1 -positive bouton (b 1-2 ) with the typically more spherical morphology of the PV-positive terminal (c). Scale bar is 2 lm in a and 0.5 lm in C for b 1-2 and c PV-positive and CB 1 -positive somatic boutons have characteristically different shapes To describe the ultrastructural properties of these somatic boutons, first we identified them using either PV or CB 1 labeling in sections with optimal ultrastructural preservation (see ''Materials and methods''). Because electrondense precipitate of DAB obscures fine ultrastructural details of labeled profiles, we visualized the two markers with silver-enhanced pre-embedding immunogold labeling. In sections immunostained for PV, scattered metal particles were present in the cytoplasm of a group of somatic boutons and in axo-axonic terminals (Figs. 3a-e, 5a-c). Metal particles labeling CB 1 receptors were attached to the membranes of a population of perisomatic boutons as shown earlier (Fig. 4a 1-7 , e) (Katona et al. 1999) .
For comparison of morphological properties of different basket cell terminals, we reconstructed 39 PV-positive somatic boutons (including 6 CB 1 -negative boutons, for details see: Electron microscopic reconstruction of perisomatic boutons in the ''Materials and methods'' section) and 33 CB 1 -positive somatic boutons from CA1, and 33 PVpositive and 28 CB 1 -positive somatic boutons from CA3 (from 3 mice, Figs. 3, 4) . Data from the three mice were not statistically different, therefore they were pooled (Table 3) .
The variability of the volumes was similar in the two populations of somatic boutons and there were no significant differences between the volume of boutons reconstructed from CA1 and CA3 (Figs. 7a, 9; Table 3 ). We noticed, however, that the shapes of the PV-and CB 1 -positive boutons were characteristically different: most of the CB 1 -positive boutons were flat compared to PV-positive boutons, which were more spherical (Figs. 3, 4, 6) . Objects with flat shapes possess larger surface area relative to their volume compared to more spherical objects. Indeed, the surface/volume ratio was significantly lower for PV-positive boutons than for CB 1 -positive terminals .2 (n = 3 somata) 20 (n = 4 somata) 22.7 (n = 4 somata) PV-positive inputs/100 lm 2 8.4 (n = 3 somata) 13.1 (n = 4 somata) 13.3 (n = 4 somata) CB 1 -positive inputs/100 lm 2 6.5 (n = 3 somata) 6.9 (n = 4 somata) 9.1 (n = 4 somata) Double-negative inputs/100 lm 2 0.4 (n = 3 somata) 0 (n = 4 somata) 0.3 (n = 4 somata) .3 (n = 3 somata) 7.6 (n = 3 somata) 7.5 (n = 4 somata) Double-negative inputs/100 lm 2 0 (n = 3 somata) 0.5 (n = 3 somata) 1.9 (n = 4 somata) Table 3 ). These data mean that CB 1 -positive boutons had larger membrane surfaces in apposition to pyramidal cells than PV-positive somatic boutons (Figs. 1,  3 , 4, 9; Table 3 ).
Mithochondria occupy larger volume in PV-positive boutons than in CB 1 -positive terminals Almost all of the reconstructed somatic boutons contained mitochondria with the exception of three CB 1 -positive terminals in CA3 (which was 11 % of the CB 1 -positive boutons in CA3). PV-positive boutons had one, two, three or four mitochondria, the incidences of which were 50, 37, 11 and 3 % in CA1 and 45, 45, 6 and 3 % in CA3, respectively. CB 1 -positive boutons had one, two, three, four or five mitochondria, the incidences of which were 48, 36, 6, 9 and 0 % in CA1 and 46, 32, 7, 0 and 4 % in CA3, respectively. Most of the mitochondria had sausage-or kidney-bean shape (Fig. 6 ), but some of them showed more complex shapes. Volumes of individual mitochondria were significantly larger in PV-positive boutons than in CB 1 -positive ones both in CA1 and CA3 areas ( Fig. 9; Table 3 ). The volume occupied by all mitochondria was also significantly larger for PV-positive boutons ( Fig. 9; Table 3 ). One of the most distinguishable difference between the two types of terminals was the larger percentages of volume occupied by mitochondria in PV-positive boutons (median, 27 % in CA1 and 30 % in CA3) than in CB 1 -positive terminals (median, 16 % in CA1 and 21 % in CA3) (Table 3; Figs. 6, 9). As shown in Fig. 8a 1-2 , the total mitochondria volume showed a strong correlation with the volume of the boutons. Statistical data are presented in Figs. 7, 8, 9 and Table 3 .
Different synaptic structure of PV-positive and CB 1 -positive somatic boutons Synaptic active zones were identified by the following criteria: i, a rigid mostly parallel apposition of the pre-and postsynaptic membranes; ii, wider and denser extracellular space in the presumed synaptic cleft; iii, pre-and postsynaptic membranes are more electron-dense than extrasynaptic membranes; iv, accumulation of vesicles adjacent to a large portion of the presynaptic membrane, latter of which is not necessarily visible on all sections of the synapse.
Most of the reconstructed PV-and CB 1 -positive somatic boutons formed more than one type 2 (symmetrical) synapses; however, their synaptic structures were remarkably different. Synapses of PV-positive boutons, defined by these criteria, were small and had a round or oval shape (Figs. 3, 6 ) and synaptic vesicles were abundant adjacent to the synaptic active zones (Fig. 3a-e) . Synapses of PVpositive boutons were clearly separated from non-synaptic membranes and their boundaries were unequivocally identifiable. Distinct synapses of the same PV-positive bouton were usually separated from each other by a relatively large non-synaptic membrane area (Fig. 3f-h ). Many times a single punctum adherens was present at the edge of synapses or at other parts of the non-synaptic membranes. Puncta adherentia were distinct from synapses, because they were present in only one or two 60-nm-thick sections and have thick pre-and postsynaptic membrane specialization without associated vesicles (Lieberman and Spacek 1997; Bodor et al. 2008) .
Synapses of CB 1 -positive boutons frequently had an irregular shape (Figs. 4b, 6 ), which was not observed in synapses of PV-positive boutons. Synaptic membrane domains of CB 1 -positive boutons innervating the same target were frequently very close to each other (Figs. 4, 6) , and appeared to share the same vesicle pool. In these cases, it cannot be determined whether these synaptic membrane segments are parts of a large irregular-shaped synapse or they are distinct individual synapses; therefore, we did not attempt to define the size of individual synapses for CB 1 -positive boutons. Vesicle clusters were less dense at synapses of CB 1 -positive boutons than in PV-positive terminals (Figs. 3a-e, 4a 1-7 , e). We have also detected puncta adherentia between CB 1 -positive boutons and somata (or dendrites).
Somatic boutons can target more than one postsynaptic element
In addition to the innervated pyramidal soma, many of the reconstructed boutons, especially in the CA1 area, targeted one or two other postsynaptic profiles, which could be other somata or adjacent dendritic elements. Occasionally, PV-positive somatic boutons in the CA3 area established type 2 synapses with somatic spines (three out of 33 boutons) as well. These spines were different from typical dendritic spines of pyramidal cells because they did not have an asymmetric input. In the analysis below, synapses established with these spines were included into the somatic synapse category. Spines on somata of pyramidal cells were not observed in the CA1 area.
In the CA1 area, where pyramidal somata seemed to be more densely packed than in the CA3 area, the incidence of boutons targeting more postsynaptic profiles was higher. In general, PV-positive boutons diverged to two targets (or even to three in CA1), which was more frequent than in case of CB 1 -positive boutons in both examined areas.
In the CA1 area, 54 % (n = 21) of the PV-positive boutons (n = 39) formed synapses with two targets and 18 % (n = 7) of them with three postsynaptic targets (Fig. 3) , whereas only 33 % (n = 11) of CB 1 -positive terminals (n = 33) innervated two targets (Fig. 4a, e) , and 9 % of them (n = 3) had three targets. The incidence of two somatic targets was 33 % (n = 13) in case of PVpositive boutons and 18 % (n = 6) in case of CB 1 -positive terminals, while the rest targeted one soma and one or two passing dendrites in CA1.
In the CA3 area, 45 % (n = 15) of the PV-positive boutons (n = 33) formed synapses with two targets and none of them with three postsynaptic targets, whereas only 7 % (n = 2) of CB 1 -positive terminals (n = 28) innervated two targets and none of them had three targets. The incidence of two somatic targets was 27 % (n = 9) in case of PV-positive boutons, while the rest targeted one soma and a passing dendrite in CA3. None of the CB 1 -positive boutons had two somatic targets in CA3. Number of synapses per individual boutons
As described above, somatic boutons target more than one postsynaptic element, but these elements are frequently targeted by more than one synapse of the same bouton. Only a minority of PV-positive somatic boutons formed only one synapse (10 % in CA1, 15 % in CA3), the rest established more than one synapse (90 % in CA1 and 85 % in CA3). These synapses might terminate on only one soma or two somata or on an adjacent dendrite as well (see above, Fig. 3) . Two, three, four, and five synapses were established by 46, 26, 10 and 8 % of the PV-positive boutons in CA1 and 36, 39, 6 and 3 % of the boutons in CA3, respectively. a-e Electron micrographs of five PV-positive terminals (b1-b5) located between two pyramidal somata (soma1 and 2) in CA1 area. PV is labeled by silver-intensified gold particles (arrows in a). These terminals were 3D-reconstructed from a series of consecutive serial sections (s 18-56: the number of the section in the examined series). Three different views of the 3D reconstruction of the same terminals are shown in f-h, where the boutons are indicated by different warm colors, whereas reconstructed parts of the somatic membranes are shown as light yellow areas. Membrane of soma1/soma2 is removed in h and g for better visibility. PV-positive boutons form small synapses (in a-e arrowheads label the edges of synaptic membranes) which display macular shape (blue areas in f-h) and dense accumulation of vesicles at the presynaptic membrane (a-e). Individual synapses are indicated by the same numbers in the electron micrographs and 3D-reconstructions. All of the PV-positive boutons shown here diverge to more postsynaptic profiles, which are two somata (e. g. b3 bouton, b) or a soma and one or two dendrite(s) (den1 and 2) (e.g. b1 bouton d, b5 bouton a, c). Boutons can form more synapses with the same soma as well (d, e, different synapses of the ''b1'' bouton onto soma 2). PV-positive boutons may contain dense-core vesicle (double arrow in e) and invaginations (white arrow in c). Scale bar is 0.5 lm for a-e
The same soma mostly receives only one or two synapses from a PV-positive bouton. Quantitatively, a bouton established one, two, three or four synapses on a given soma, the incidences of which were 54, 42, 2 and 2 % in CA1 and 48, 30, 18 and 5 % in CA3 (Fig. 3d, e) .
As described above, individual synapses of CB 1 -positive boutons were usually not clearly separated from each other, and therefore we could not determine their total number. However, it was evident, that these boutons may also form more synapses with their postsynaptic somata (Figs. 4, 6 ), as shown earlier in rat (Biró et al. 2006) . Serial electron micrographs of a reconstructed CB 1 -positive somatic terminal (section, s 34-38 and 53-54 of a series of consecutive series, 40-nm-thick sections). CB 1 receptor is labeled by silver-intensified gold particles that are attached to plasma membranes of the bouton (arrows in a 1 ). Arrowheads label synapse edges. Vesicles are less densely clustered at synaptic membranes of CB 1 -positive boutons than that of PV-positive terminals (compare with Fig. 3) . Synaptic membrane segments, where no vesicles seen close to the membrane (a 3 ) are continuous with segments where vesicles present (e.g. a 4 ). In addition to synapses innervating the soma (a 1-5 ) this bouton forms a synapse with a dendrite as well (a 6-7 ). 3D-reconstruction of the same bouton is shown in b-d from three different angles. Notice the characteristic flat shape of the terminal (d). Sections s34, s38 and s53, shown in a 1-7 are indicated by partially transparent gray plains in the 3D reconstructions. b Some synapses innervating the somata (2, 3 and 4, indicated by dark blue areas) are very close to and not clearly separated from each other, but for demonstration purposes we labeled them separately. The closeness of synapse 2-3 and 3-4 are demonstrated in a 1 and a 5 , respectively. c Synapse innervating the dendrite (den in a 6-7 ) on the other side of the bouton (5, dark blue area). e Dense-core vesicles (double arrows) and a somatic protrusion into the plasma membrane of the terminal (white arrow) are present in another CB 1 -positive bouton. This bouton forms synapses with two somata (soma1 and 2, arrowheads). In this section vesicle-free segment of the synapse with soma 2 is seen, whereas synaptic vesicles are clustered at synapse formed with soma1. Scale bar is 0.5 lm for images a 1-7 and e Brain Struct Funct (2015) 220:919-940 929 CB 1 -positive somatic boutons form larger synapses than PV-positive boutons
The total synaptic surface (area of all synapses of a bouton, including synapses with all postsynaptic targets) of CB 1 -positive boutons was significantly larger than that of PV-positive boutons, both in CA1 and CA3 (Figs. 6, 7, 8, 9 ; Table 3 ). The variability of the total synaptic area of CB 1 -positive boutons was much larger than that of PV-positive boutons ( Fig. 7d ; Table 3 ). The size of the total synaptic areas showed a positive correlation with the volume of the boutons as shown in Fig. 8b 1-2 . Putative individual synapses of CB 1 -positive terminals established on the same postsynaptic element were so close to each other that we could not objectively separate them (see above). However, if we considered them as separate active zones, these were probably also larger than those of PV-positive boutons (compare synapses shown in Figs. 3, 4, 6) . Statistical data are presented in Figs. 7, 8, 9 and Table 3 . Based on the abovementioned data in Tables 1 and 3 , the synaptic coverage of pyramidal cell somata can also be calculated. Synaptic coverage can be calculated by multiplying the number of input-boutons per pyramidal cell soma (Table 1, row 10-12 and 23-25) with the average synaptic area of that type of bouton (Table 3 , medians in row 8), divided by the somatic surface area of the pyramidal cell (Table 1, row 9 and 22) . The median proportion of somatic surface occupied by PV-positive synapses was 0.86 % on CA1 pyramidal cells (n = 9) and 0.75 % on CA3 pyramidal cells (n = 3), whereas for CB 1 -positive synapses it was 1.57 % on CA1 pyramidal cells (n = 9) and 1.46 % on CA3 pyramidal cells (n = 3). The total synaptic coverage is 2.43 % in CA1 and 2.21 % in CA3. This is larger than that found by Kasugai et al. (2010) in rat using replica samples (0.72 % in CA1) Different organization of intracellular organelles in the two types of perisomatic boutons Remarkably, dense-core vesicles (DCV) were present in both types of boutons. In CA1, 64 % of CB 1 -positive boutons (n = 33) had DCV (52 % of DCV containing boutons had 1 DCV, their median was 1, one bouton had 17, another had 5 DCV, but the rest of DCV containing boutons had 3 or less DCV, Fig. 4e ). In CA3, 82 % of CB 1 -positive boutons (n = 28) had DCV (43 % of DCV containing boutons had 1 DCV, their median was 2, one bouton had 11 DCV, the rest of them had 6 or less DCV). In CA1, 31 % of PV-positive boutons (n = 39) had DCV (67 % of DCV containing boutons had 1 DCV, their median was 1, maximum was 3 DCV). In CA3, 27 % of PV-positive boutons (n = 33) had DCV (67 % of DCV containing boutons had 1 DCV, their median was 1, maximum was 3 DCV).
Although not analyzed quantitatively, it was apparent that the spatial arrangement of vesicles is different in the two types of boutons. In PV-positive boutons, the vesicle-cluster adjacent to synaptic membranes is denser (Fig. 3a-e) , whereas at synapses of CB 1 -positive terminals larger vesicle-free zones are also present along the synaptic membranes (Fig. 4a 1-7 , e) . Inside the CB 1 -positive boutons larger areas are filled by vesicles compared to PV-positive boutons, probably because this space is usually occupied by larger mitochondria in PV-positive boutons. These vesicle pools are less densely packed than vesicles at the synaptic active zones.
Both populations of boutons frequently contained invaginations (46 and 42 % of PV-positive boutons from CA1 and CA3, and 84 and 57 % of CB 1 -positive boutons from CA1 and CA3, respectively). Smaller invaginations typically originate from the innervated pyramidal cells; their soma membrane appears to protrude into the bouton (Figs. 3c, 4e ). Our sample of reconstructed somatic terminals had no boutons with invaginations into somata [''invaginating boutons'' (Yoshida et al. 2011) ], but we sometimes observed similar CB 1 -positive boutons during the reconstruction of pyramidal soma membranes.
Most of the ultrastructural properties of axo-axonic boutons are similar to those of PV-positive somatic boutons Axo-axonic boutons were reconstructed at the border of str. oriens and pyramidale (n = 15 in CA1, n = 14 in CA3). They were recognized by the characteristics of their postsynaptic target: the axon initial segment (AIS), as described in the ''Materials and methods''. They were reconstructed from sections immunostained for PV or CB 1 (they were PV positive and CB 1 negative).
The volume of axo-axonic boutons was smaller than that of somatic boutons (Figs. 5, 6, 7, 8, 9 ; Table 3 ). All but one axo-axonic bouton contained mitochondria. Most of these axo-axonic terminals had only one large mitochondrion (Figs. 5, 6 ), with the exception of two terminals, which had two mitochondria and another bouton with four mitochondria. Like in PV-positive somatic boutons, the percentage of volume occupied by mitochondria inside the axo-axonic boutons was about 25 % in CA1 and 33 % in CA3 ( Fig. 7c; Table 3 ). It was larger than in CB 1 -positive boutons, while it was similar to that in PV-positive boutons (Figs. 5, 6, 7, 8, 9 ; Table 3 ).
Most axo-axonic boutons (*90 %) formed only one synapse with the AIS (Figs. 5, 6 ) with the exception of three boutons. Two of them established two synapses with the same AIS. In these cases the two synaptic membranes were very close to each other, only a punctum adherens separated them. One axo-axonic bouton established another synapse with an adjacent dendrite. One of the reconstructed axo-axonic boutons from CA3 innervated a spine-like appendage of the AIS. Similar to synapses of PV-positive somatic boutons, synapses of axo-axonic boutons also had a macular shape and were accompanied by dense clusters of vesicles (Figs. 5, 6 ).
Similar to somatic boutons, axo-axonic boutons also often contain dense-core vesicles (Fig. 5c ). In CA1, 53 % of axoaxonic boutons (n = 15) had DCV (63 % of DCV containing boutons had 1 DCV, their median was 1, maximum was 2 DCV). In CA3, 50 % of axo-axonic boutons (n = 14) had DCV (57 % of DCV containing boutons had 1 DCV, their median was 1, their maximum was 3 DCV). Axo-axonic boutons also had invaginations (47 and 28 % of boutons from CA1 and CA3, respectively), and have puncta adherentia, especially at the edge of synapses.
Correlation of bouton volume with the volume of mitochondria and the total synaptic area was tested as well, and these correlation lines almost overlapped with those of PV-positive boutons, but were different from those of CB 1 -positive terminals (see Fig. 8 ). Overall, our results showed that axo-axonic boutons were more similar to PVpositive somatic terminals than to CB 1 -positive somatic boutons. Statistical data are presented in Figs. 7, 8, 9;  Arrowheads indicate synapse edges. Parvalbumin is labeled by silver-intensified gold particles (arrows in a). The axon initial segment was identified by its characteristic membrane undercoating (white arrows in a), bundles of microtubules and stacked endoplasmic cisterns (white double arrow in a). Synaptic vesicles in the boutons are clustered at the presynaptic membranes. c A dense-core vesicle is indicated by a double arrow. Axo-axonic boutons form only one synapse (1 and 2, blue areas in e) with their postsynaptic axon initial segment. d and e 3D reconstruction of the same boutons (b1, b2) and the innervated axon initial segment (ais). Scale bar is 0.5 lm for images a-c Fig. 6 Direct comparison of three typical terminals. 3D-reconstructed CB 1 -positive somatic boutons (CB 1 ?, blue), axo-axonic terminals (AA, green) and PV-positive somatic boutons (PV?, orange) show characteristic differences in their morphological properties. Three boutons with typical morphology are shown from two orthogonal directions. Synaptic membranes are shown as blue areas (syn). The bouton membranes were made partially transparent to reveal mitochondria (mito, warm colors) inside the boutons and synapses on the other side of the terminals (syn, back). Axo-axonic boutons are usually smaller than somatic boutons. CB 1 -positive boutons are flat compared to PV-positive somatic and axo-axonic boutons which are more spherical. Axo-axonic terminals form only one synapse, whereas somatic boutons usually establish more synapses. PV-positive somatic and axo-axonic boutons possess small, macular synapses, whereas synapses of CB 1 -positive somatic terminals are larger and have synapses with more complex shapes. Mitochondria occupy larger volume in PV-positive somatic boutons and axo-axonic terminals compared to CB 1 -positive somatic boutons
Discussion
We found that hippocampal CA1 and CA3 pyramidal cells in mouse receive approximately 60 and 140 somatic inputs, respectively, *60 % of which are PV positive whereas *35-40 % are CB 1 positive. Boutons that are negative for both PV and CB 1 make a weak contribution to the innervation of hippocampal pyramidal cell somata (1 and 4 % of all somatic inputs in CA1 and CA3, respectively). The vast majority of CB 1 -positive perisomatic boutons contain vGluT3. The morphological parameters of perisomatic boutons are markedly different: PV-positive boutons are more spherical compared to CB 1 -positive terminals that are flat and have a significantly larger surface/volume ratio and larger surface membrane area facing the somatic membrane. Mitochondria of PV-positive somatic and axo-axonic boutons occupy a larger proportion of the bouton volume than in CB 1 -positive somatic boutons. Both types of somatic boutons frequently form multiple synapses with the same soma and also innervate other postsynaptic targets (adjacent dendrite(s) or another soma). While PV-positive basket terminals and PV-positive axo-axonic boutons have small macular synapses that are clearly separated from each other, synapses of CB 1 -positive boutons often have irregular shape and can be positioned very close to each other. The total synaptic areas of CB 1 -positive boutons are significantly larger than those of PV-positive boutons. Axo-axonic cell terminals are smaller than somatic boutons, and have only one macular synapse and relatively large mitochondria. Interestingly, all the three types of perisomatic terminal populations contain dense-core vesicles.
Convergence of different types of basket cells onto hippocampal pyramidal cell bodies
Our results indicate that more PV-positive boutons innervate the soma of hippocampal pyramidal cells than CB 1 -positive ones (*37 PV-positive vs. *23 CB 1 -positive somatic terminals in CA1 and *93 PV-positive vs. *50 CB 1 -positive somatic terminals in CA3). In agreement with these data, earlier semi-quantitative analysis at the light microscopical level demonstrated that the number of PV-positive boutons per 100 lm 2 CA1 str. pyramidale is larger than that of CB 1 -positive terminals [13.1 ± 0.4 and 10.6 ± 0.2, respectively; (Wyeth et al. 2010) ]. However, in the present study, the ratio of PV versus CB 1 -positive boutons innervating CA1 pyramidal soma is 1.6:1 which is larger than that calculated from these earlier data (1.2:1). It may be explained by the fact that single PV-positive bouton can innervate more postsynaptic pyramidal somata more frequently than CB 1 -positive terminals do (in CA1, 33 vs. 18 % of the reconstructed PV-and CB 1 -positive boutons had two somatic targets, respectively). Földy et al. (2010) showed that in the CA1 region of the rat hippocampus individual PV-expressing and CCK/CB 1 -containing basket cells established 5.8 ± 0.7 and 2.3 ± 0.8 putative synaptic terminals with the somata of their postsynaptic pyramidal cells, respectively. If this convergence is similar in mouse, on average, 6.4 (37/5.8) PV-positive and 10 (23/2.3) CB 1 -positive basket cells can converge onto an individual CA1 pyramidal soma. However, it should be noted that basket cells form large numbers of synapses with proximal dendrites as well (Halasy et al. 1996) . PV-positive basket cells in rat usually establish similar numbers of synaptic terminals with proximal dendrites (n = *5.2/pyramidal cell) and with a soma (n = *5.8/pyramidal cell), while CCK/CB 1 -expressing basket cells in rat usually establish more synaptic terminals with proximal dendrites (n = *6/pyramidal cell) than with a soma (n = *2.3/pyramidal cell) (Földy et al. 2010) . Using these data from rat, we can estimate that, in addition to their somatic inputs, the proximal dendritic region of CA1 pyramidal cells may also receive about 33 (5.2*6.4) PV-positive and about 60 (6*10) CB 1 -positive boutons from basket cells, therefore, in total, about 70 (37 ? 33) PV-positive and about 83 (23 ? 60) CB 1 -positive basket cell terminals can converge onto individual CA1 pyramidal cells.
In rat, about *27 % of the CCK-expressing interneuron somata are also positive for vGluT3, a non-overlapping *11 % of them are VIP positive, *23 % of them expresses calbindin and no VIP or vGluT3, whereas the rest of them (*39 %) do not contain detectable vGluT3, VIP or calbindin (Kosaka et al. 1985; Somogyi et al. 2004) . Therefore, the two subpopulations of CCK-positive basket The contribution of these putative VIP positive boutons to the total somatic input might be less than 2-5 % (3 terminals out of 60 and 7 terminals out of 140 terminals in CA1 and CA3 pyramidal cell, respectively).
It was shown in several studies that in the hippocampus, not only basket cells, but occasionally other cell types also innervate pyramidal cell bodies (Ferraguti et al. 2005; Fuentealba et al. 2008; Takács et al. 2013) . Here, we show that the relative numerical contribution of these PV-and CB 1 -negative inputs to the total innervation of pyramidal somata is very weak (1 and 4 % of all boutons in CA1, and CA3, respectively).
PV-positive terminals have relatively larger mitochondria
Volumes of individual mitochondria and the proportion of bouton volume occupied by these mitochondria were significantly larger in PV-positive terminals (i.e. PV-positive basket terminals and axo-axonic boutons) than in CB 1 -positive boutons. PV-positive basket and axo-axonic cells display fast-spiking activity (Pawelzik et al. 2002) and probably are among the most active neurons in the cerebral cortex. In contrast to CB 1 -positive basket cells, firing of PV-positive perisomatic interneurons shows high temporal precision (Hefft and Jonas 2005; Daw et al. 2009; Szabó et al. 2010) , which requires fast recovery of energetic and ionic balance in the synaptic terminal after individual spikes. These mechanisms demand more intense ATP production, which may require these larger mitochondria. Immunostaining for cytochrome C, an enzyme in mitochondria participating in the electron transport is also stronger in PV-positive interneurons than in CCK-positive cells, suggesting stronger metabolic rate for the PV-positive interneurons (Gulyás et al. 2006) . Furthermore, the large size of mitochondria can be important in maintaining high-frequency transmission also because mitochondria participate in the sequestering of Ca 2? in the synaptic bouton (Billups and Forsythe 2002) . Interestingly, in several types of boutons, mitochondria were shown to be associated with the pool of synaptic vesicles (Rowland et al. 2000; Rollenhagen et al. 2007 ); however in our hippocampal perisomatic terminals, the space available for mitochondria and vesicles is so limited that they were inevitably close to each other, although mitochondria did not seem to be associated directly to the vesicles close to the synapses (see Figs. 3, 4, 5) .
Synapses of PV-and CB 1 -positive perisomatic cells are different
In this study, we found that CB 1 -positive somatic boutons formed irregular-shaped synapses, with variable synaptic area [similar to area of rat CCK-positive synapses (Biró et al. 2006 )] on pyramidal cell somata, the total surface of which were much larger (*0.23 lm 2 /individual soma) than synapses of PV-positive boutons (*0.07 lm 2 /individual soma), the latter of which had small, macular synapses. Daw et al. (2009) found that CCK/CB 1 -expressing basket cells produce postsynaptic responses with highly variable quantal amplitudes (including very large events) in their postsynaptic pyramidal cells compared to PV-positive basket cells that mediate quantal events with consistent amplitudes. The mIPSC amplitude depends predominantly on the number of postsynaptic receptors that are proportional to the size of the synapses (Nusser et al. 1997) ; therefore, higher variability of the size of different synapses of CB 1 -positive somatic boutons may provide an anatomical basis for their highly variable quantal events.
Several studies showed that synaptic connections between PV-positive basket cells and pyramidal cells are much more reliable than connections between CCK/CB 1 -positive basket cells and pyramidal cells, in the latter of which connection failures of synaptic transmission are frequent (Hefft and Jonas 2005; Daw et al. 2009; Szabó et al. 2010 ). These observations are not easily explained, because boutons with larger synaptic area are generally considered to be more efficient and faithful (Pierce and Lewin 1994; Holderith et al. 2012) . The probability of transmitter release depends on many factors, including the number of vesicles close to the synaptic active zones (Branco et al. 2010 ) and the distance between voltagegated Ca 2? channels and synaptic vesicles at the release site (Meinrenken et al. 2003; Pang and Südhof 2010) , which harbor the Ca 2? sensor for exocytosis in their membrane (Jahn and Fasshauer 2012) . We noticed that the vesicle cluster close to the synaptic membrane was much denser in PV-positive boutons than in CB 1 -positive terminals (compare Figs. 3a-e, 4a 1-7 , e) ; therefore, larger pools of readily releasable vesicles can be present in the vicinity of active voltage-gated Ca 2? channels in these boutons, which certainly support a more reliable transmission. Due to the denser vesicle cluster at synaptic membranes, depletion of readily releasable vesicles can be more easily avoided in PV-positive boutons than in CCK/ CB 1 -positive terminals allowing high-frequency firing.
The two types of basket cells use different types of voltage-gated Ca 2? channels for transmitter release: Ca 2?-influx in PV-positive basket cell boutons is mediated by P/Q type channels, whereas CCK/CB 1 -positive basket cells use N-type Ca 2? channels Hefft and Jonas 2005) . It was also demonstrated that the coupling between N-type Ca 2? -channels and the Ca 2?-sensor of exocytosis in CCK-positive basket cells is loose compared to the coupling of P/Q type channels and the Ca 2?-sensor of exocytosis in PV-positive basket cells (Hefft and Jonas 2005; Bucurenciu et al. 2008 ), probably partly due to the different distribution of these channels in the presynaptic terminal [as shown in the calyx of Held (Wu et al. 1999) ]. The loose coupling of these molecules in the presynaptic release machinery might explain the less precise transmission and asynchronous transmitter release of CCK/CB 1 -basket cell terminals. In addition, different Ca 2? buffering capacity of the two types of basket cells and the potential presence of different Ca 2? sensors for release with different Ca 2? affinity or Ca 2? binding rate might also contribute to the different fidelity of transmission (Hefft and Jonas 2005; Eggermann et al. 2012) .
Interestingly, Taschenberger et al. showed (2002) that during the development of calyx of Held, while the synaptic transmission becomes faster and more efficient, the size of individual active zones decreases. Larger synapses have an initial mixture of N, R and P/Q types of Ca 2? channels, then Ca 2? channel expression undergoes a developmental switch and smaller synapses will have predominantly P/Q type Ca 2? channels (Iwasaki and Takahashi 1998; Wu et al. 1999; Taschenberger et al. 2002) . Therefore, it seems to be that high-fidelity and high-frequency firing might be associated with P/Q type Ca 2? channels and smaller, more compact synapses (Taschenberger et al. 2002) similar to that observed here for PVpositive synapses.
A synapse with irregular shape has relatively larger perimeter and consequently larger adjacent perisynaptic area than a round-shaped synapse. In this perisynaptic annulus of the CCK/CB 1 -expressing basket cell boutons, CB 1 receptors that can reduce GABA release depending on the activity of the postsynaptic pyramidal cell are located in exceptionally large numbers ). The irregular shape allows these boutons to increase their perisynaptic annulus area, which is ideal arrangement to express a large number of receptors here. The location, where a vesicle is released, can be more variable in an irregular-shaped synapse than in a round or oval synapse, which can influence the diffusion of transmitter in the synaptic cleft, that is probably not distributed so evenly in different parts of the irregular-shaped synapse compared to a macular synapse; hence, the variability of the postsynaptic response might be also larger in irregularshaped synapses.
The perforated nature of the excitatory synapses is usually associated with ongoing synaptic plasticity (Geinisman et al. 1993) . Interestingly, similar to these observations, CCK/CB 1 basket cells (that frequently have irregular-shaped synapses with perforated-like appearance) are thought to function as ''plastic fine-tuning device'', whereas PV-positive basket cells (that do not have irregular-shaped synapses) release GABA more precisely and act as ''clockwork'' for oscillations (Freund and Katona 2007) .
CB 1 -positive basket cells contain the neuropeptide CCK that differentially modulates the output of the two basket cell types, and thought to be stored in dense-core vesicles in the axon terminals (Földy et al. 2007; Lee and Soltesz 2011) . Interestingly, in addition to CB 1 -positive somatic boutons (*72 % of CB 1 -positive somatic boutons have dense-core vesicles), we also found dense-core vesicles in a large proportion of PV-positive somatic terminals and axoaxonic boutons (*29 % of PV-positive somatic boutons and *52 % of axo-axonic boutons); therefore, perisomatic axon terminals cannot be differentiated based on the presence or absence of dense-core vesicles. The content and role of these dense-core vesicles in PV-positive cells are unknown. Occasionally, some atypical axo-axonic boutons in rat and monkey visual cortex were shown to contain the neuropeptide somatostatin, but these somatostatin-positive terminals did not express PV (Gonchar et al. 2002) .
In this study, we found that morphological parameters of axo-axonic boutons (shape of bouton, size of mitochondria, shape of synapses, vesicle arrangement) are more similar to those of PV-positive somatic boutons (Figs. 7, 8, 9 ; Table 3 ), although their size is smaller. They form only one synapse with their target AIS, whereas basket cells often establish more synapses with the innervated somata (Figs. 5, 6 ; Table 3 ). This finding agrees well with data on physiological properties of these cells that are also more similar to PV-positive basket cells [fast-spiking properties with moderate accommodation and reliable transmission (Maccaferri et al. 2000; Szabó et al. 2010) ].
Comparison of perisomatic inputs on pyramidal cells in the CA1 and CA3 areas We found that morphological parameters of perisomatic boutons were not statistically different between the CA1 and CA3 areas, except that mitochondria of CB 1 -positive boutons in CA3 occupied a significantly larger proportion of the bouton volume than in CB 1 -positive boutons in CA1 ( Fig. 9 ; Table 3 ). The density and proportion of PV-and CB 1 -positive inputs on pyramidal cell soma surface were also similar in the two areas. However, pyramidal cell bodies were significantly larger in the CA3 area (their surface was 2.3 times larger), therefore the total number of basket cell inputs were also proportionally larger in this area (60 vs. 140 somatic inputs/pyramidal cell soma in CA1 and CA3, respectively; Table 1 ).
Conclusion
Here, we show the exact convergence ratio of the two basket cell terminals on pyramidal cell somata that are in a critical position to control the frequency and synchrony of action potential generation. Furthermore, we also described fine ultrastructural details of perisomatic boutons that later can be used either for modeling purposes or to help generate new ideas about energy requirements, peptide content and about the variability of transmission efficacy of these terminals.
Our results clearly demonstrated that interneuron types are not only different in terms of target selectivity, peptide, calcium-binding protein or receptor content and other physiological parameters, but even their fine ultrastructural features are characteristically determined, the reason of which is not fully understood.
